We have measured the spectral momentum density p(E, q} of graphite by (e,2e) spectroscopy for momentum parallel and perpendicular to the crystal e axis. In the independent-electron approximation, p(E, q}= go~U "(G)~25(q -lt -G)5(E -E(t}}where the one-electron wave function is %"(rl =e'"' go U"(G)e'o' and G is a reciprocal-lattice vector. The measurements covered a range of momentum parallel to the c axis equal to 0&~q~& 1.84 A and a range of momentum perpeno ] dicular to the c axis equal to 0(~q~(2.35 A . The energy range spanned the valence band of graphite from 4.4 eV above the Fermi energy to 27.6 eV below the Fermi energy. The momentum resolution was OA7 and 0.73 A (full width at half maximum) for momentum parallel and perpendicular to the c axis, respectively. The energy resolution was 8.6 eV. The maximum coincidence rate was -0.02 counts/sec, The band structure Eik} and spectral density~Uq(G}~t have been calculated from Srst principles using a self-consistent density-functional theory in the local-density approximation with a mixed-basis pseudopotential technique, The agreement within experimental uncertainties between measurement and theory is excellent.
INTRODUCTION
The spectral momentum density p(E, q) of graphite has been measured by (e,2e) spectroscopy for one direction of momentum in the basal plane (0&~q~&2.35 A ') and for momentum parallel to the c axis (0(~q~(1.84 A ) . This is the first study of a crystal by this experimental technique. In the single-particle approximation the spectral density is equal to~4&(q=lt+G}~when E =E(k) (G is a reciprocal-lattice vector). The spectral density of graphite has been calculated from first principles using self-consistent, density-functional theory in the local-density approximation with a mixed-basis pseudopotential technique. Excellent agreement is found within the experimental uncertainties between theory and the measurements reported here. The same theoretical approach has been used to calculate the band structure and charge density of graphite. ' The band structure has been measured by several groups using angle-resolved photoelectron spectroscopy (ARPES) for electron momentum in the basal plane of the crystal. " The difference between theory and these measurements is less than or of order 1 eV. There is also good agreement between the calculated and measured charge densities. ' The densityfunctional technique has been used to calculate the ground-state properties of many solids and the agreement with measurements is often within a few percent. Thus, from our perspective, a mature theory of graphite exists and has been well confirmed by several independent experiments. %'e view the calculated spectral density as a benchmark for evaluating this new experimental technique, (e,2e} spectroscopy. The agreement between our measurements and theory is strong evidence that the analysis ' ' relating the (e,2e) coincidence rate to the spectral momentum density is correct.
The spectral momentum density provides very detailed information about the electronic structure of solids and can be measured only by (e,2e) spectroscopy. The band structure of crystalline solids can be measured by ARPES, but at this time information regarding the oneelectron wave functions cannot be obtained from the intensity of the photoemission peaks. The integral of p(E, q) over momentum is the density of states, which, of course, can be measured by angle-integrated photoemission. The integral of p(E, q) over energy, the momentum density, can be obtained from Compton scattering and positron annihilation. The price one pays to measure the full spectral momentum density by (e,2e) ' '
The rest of this paper is organized as follows. The theory of (e,2e) scattering from solids is discussed in the first section. The details of calculating the spectral momentum density of graphite are also described in that section. The experimental results are given in the second section and are analyzed in the third section. Finally, the results are summarized.
The kinematics for (e,2e) scattering is shown in Fig.  1 %i, "(r)=e'"'ui, "(r)= g u (G)e '"+ 6 (3) [F(q) i = g i u""(G) [ 
Thus, the spectral momentum density is a map of the band structure in the repeated zone representation with the intensity equal to the square of the Fourier expansion where (do ldQ)M«, is the Mott electron-electron cross section which is a function of the scattering angle between Po and P, . The function~F(q)~is the momentum density of the one-electron target orbital lp (r) F(q)=(1/2m ) f e 's'4' (r)dr, (2) where in a crystal, the one-electron orbital can be written as a Bloch wave function (G is a reciprocal-lattice vector, k is a lattice wave vector, and n is a band index) coefFicient. In deriving the cross section, two approximations were made that require experimental verification. The Srst approximation is that the incident, scattered and recoiling electron can be represented by plane waves.
There have been several studies of atomic and molecular systems ' ' which In order to evaluate now much damage was done to the crystal by our thinning procedure, we measured the Raman spectra of the sample before and after etching it.
We also checked the spectra after taking data for several weeks to see if the sample had been adversely affected by the electron beam. In Fig. 3(a) Fig. 3(d) is the Raman spectra of a sample after taking (e,2e) data for five weeks. There is no visible change in the spectra. Finally, in Fig. 3 The dashed and solid lines are the n and crt bands, respectively. The light arrows are the theoretical spectral densities and the heavy arrows are the measured spectral densities from Table II. The spectral densities as a function of momentum perpendicular to the c axis are shown in Fig. 7 (E =4.6 eV) with the m band. The existence of m band spectral density is due to the small component of momentum parallel to the c axis. The data at q =0.85 A ' can be 6t almost equally well with two Gaussians centered at E =12.5 eV and E =19.3 eV (as plotted on Fig. 7) or with one Gaussian at E =15.4 eV. The first choice preserves the continuity of the spectral density in the o, band but raises the question of whether the peak at E =12.5 eV is associated with the 0 z band. If it is, then the spectral density of the oz band in the first Brillouin zone is much larger than predicted by theory. But this possible discrepancy is tentative until the measurement can be repeated with better resolution. In Fig. 7 we have compared our data to the calculated spectral density for momentum in the I~M direction. %ithin our resolution and statistics, the dilerence in spectral density for difFerent directions in the basal plane cannot be resolved.
The spectral momentum density of graphite has been measured for momentum in the basal plane and for momentum parallel to the c axis of the crystal. The results were compared to a first-principles calculation of the spectral density and excellent agreement was found. This is further confirmation of the power and accuracy of density-functional theory. Viewed Fig. 1(a) 
